Abstract. Cell-cell adhesions induce various intracellular signals through hierarchical and synergistic molecular interactions. Recently, we demonstrated that a high cell density induces the expression of vascular cell adhesion molecule-1 (VCAM-1) through the nuclear factor-κB (NF-κB) pathway in human bone marrow-derived mesenchymal stem cells (MSCs). However, the specific molecules that activated the NF-κB pathway were not determined. In the present study, in experiments with receptor tyrosine kinase inhibitors, VCAM-1 expression was completely suppressed by platelet-derived growth factor (PDGF) receptor (PDGFR) inhibitors. In addition, VCAM-1 expression was significantly suppressed by knockdown with PDGFRβ siRNA, but not with PDGFRα siRNA. However, VCAM-1 expression did not increase following treatment with PDGF. The overexpression of N-cadherin, a structural molecule in adherence junctions in MSCs, promoted VCAM-1 expression and induced the marked phosphorylation of the intracellular signaling factor, Src. In addition, VCAM-1 expression and Src phosphorylation were reduced by the overexpression of a dominant negative mutant of N-cadherin. These results suggest that cell-cell adhesion, through N-cadherin, enhances the expression of VCAM-1 via PDGFRβ and the activation of Src in a ligand-independent manner in MSCs.
Introduction
Mesenchymal stem cells (MSCs) are non-hematopoietic stromal cells, which retain the ability to self-renew and differentiate into mesenchymal cells, such as osteoblasts, adipocytes, chondrocytes and skeletal muscle cells (1) . Various surface markers, including CD49a, CD73, CD105, vascular cell adhesion molecule-1 (VCAM-1)/CD106, CD140b, CD146, CD271, mesenchymal stromal cell antigen-1 (MSCA-1) and STRO-1, have been used alone or in combination to identify and isolate human MSCs (hMSCs) (2) (3) (4) (5) (6) (7) (8) . STRO-1 is a popular MSC marker and is often used in combination with VCAM-1 for MSC isolation. A number of studies have analyzed the changes in surface marker expression caused by prolonged cultivation, and have reported the attenuated expression of several markers, including VCAM-1 (9, 10) . Cell adhesion molecules, such as VCAM-1 mediate the interaction of MSCs with endothelial cells (ECs), which is essential for MSC homing. Therefore, the reduction in VCAM-1 expression during expansion in culture may be related to the decreased homing ability of senescent MSCs. Mabuchi et al recently demonstrated that clones of hMSCs retaining high rates of colony-forming unit fibroblasts (CFU-Fs) expressing the surface markers, CD271/ low affinity nerve growth factor receptor (LNGFR), thymocyte antigen-1 (Thy-1) and VCAM-1, exhibited robust multilineage differentiation and self-renewal ability (11) . An in-depth investigation of MSC markers has made it possible to identify and purify MSCs; for instance, anti-CD49a antibody is useful for identifying hMSCs (12, 13) . Notably, rapidly expanding clones of hMSCs express high levels of CD49a and VCAM-1 and are highly migratory (11) . These results suggest that VCAM-1 can be used as a marker for enriching migratory, multipotent and proliferative cells from culture-expanded MSCs.
Cadherins are members of a family of transmembrane proteins involved in mediating homophilic adhesion in a Ca 2+ -dependent manner. These proteins are major components of adherence junctions (AJs) in cells. E-cadherin is the main cadherin in the AJs of epithelial cells, whereas other cadherins, including N-cadherin, P-cadherin, R-cadherin and (14, 15) , N-cadherin is the predominant cadherin expressed by these cells (14, 16) . N-cadherin-mediated AJs are of great importance in connective tissue physiology and are critical for the regulation of cell attachment and migration (17) , wound healing (18) , metastatic potential (19) and embryonic development (20, 21) , as well as the differentiation and formation of numerous specialized tissues, including fibrous connective tissues (22) (23) (24) (25) (26) . N-cadherin is considered to be the key factor in directing cell-cell interactions during mesenchymal condensation, a process mediated by surface contact that results in the aggregation of progenitor cells (27) (28) (29) (30) . Studies have indicated that the expression of deletion mutant forms of N-cadherin, which lack either the extracellular homotypic interaction domains or the intracellular β-catenin binding site, results in decreased cellular condensation and impaired chondrogenesis (31, 32) . These findings suggest that both extracellular homotypic interaction and intracellular interaction with the catenin complex are essential for proper N-cadherin signaling (33) .
In a recent study of ours, we found that the expression level of VCAM-1/CD106 was markedly upregulated in human bone marrow-derived MSCs, UE7T-13 cells, under conditions of high cell density (34) . The high cell density-induced expression of VCAM-1 was markedly suppressed by nuclear factor-κB (NF-κB) signaling-related protein kinase inhibitors, such as the IκB kinase-2 (IKK-2) inhibitor VI, a phosphoinositide 3-kinase (PI3K) inhibitor, an Src inhibitor and a protein kinase C (PKC) inhibitor. Therefore, the high cell densityinduced VCAM-1 expression was regulated by the NF-κB pathway in human bone marrow-derived MSCs. However, the identities of the inducing factor(s) that activate the NF-κB pathway in MSC cell-cell adhesion are not yet clear. Herein, we demonstrate that cell-cell adhesion by N-cadherin activates the NF-κB pathway via platelet-derived growth factor (PDGF) receptor (PDGFR)-β in a ligand-independent manner.
Materials and methods
Reagents. The SCADS inhibitor kit, including various protein kinase inhibitors was generously supplied by the Screening Committee of Anticancer Drugs supported by a Grantin-Aid for Scientific Research on Priority Area 'Cancer' from the Ministry of Education, Culture, Sports, Science and Technology, Japan.
Cell culture. Human bone marrow-derived MSCs, UE7T-13 cells, the life span of which was prolonged by infection with a retrovirus encoding human papillomavirus E7 and human telomerase reverse transcriptase (hTERT) (35, 36) 
RNA isolation and quantitative RT-PCR (qRT-PCR).
Total RNA from low, medium and high cell density cultured UE7T-13 cells was isolated using Isogen reagent (Nippon Gene, Tokyo, Japan) according to the manufacturer's instructions. Firststrand cDNA was synthesized from total RNA by using the PrimeScript RT reagent kit (Takara, Kyoto, Japan). qRT-PCR was performed on a Thermal Cycler Dice Real-time System (Takara) using SYBR Premix Ex Taq II (Takara) with specific oligonucleotide primers (presented in Table I ). The mRNA expression levels for VCAM-1, PDGFRα and PDGFRβ were normalized to those obtained for glyceraldehyde adenosinephosphate dehydrogenase (GAPDH), and the relative expression levels were shown as fold-increase or decrease relative to the control.
Western blot analysis. The UE7T-13 cells were washed twice with ice-cold PBS and then lysed in RIPA buffer (50 mM Tris-HCl, pH 7.2, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate and 0.1% SDS) containing protease and phosphatase inhibitor cocktails (Sigma-Aldrich). The protein content of the samples was measured using the BCA reagent (Pierce Biotechnology, Rockford, IL, USA). Samples containing equal amounts of protein were separated by 12.5% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a polyvinylidene difluoride (PVDF) membrane (Millipore, Billerica, MA, USA). After being blocked with 5% non-fat dry milk in T-TBS (50 mM Tris-HCl, pH 7.2, 150 mM NaCl and 0.1% Tween-20), the membrane was incubated with primary anti-Src (Cell Signaling, Technologies, Beverly, MA, USA) and anti-phospho-Src (p-Src, Cell Signaling) antibodies, using an anti-β-actin (clone C4, Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) antibody as a loading control for normalization. The blots were subsequently incubated with horseradish peroxidase-conjugated secondary antibody and developed using chemiluminescence with the Amersham ECL western blot analysis system (GE Healthcare Biosciences, Pittsburgh, PA, USA). The detected blots were photographed using the photo image detection system CL-Cube L (Tohoku Electronic Industrial Co., Ltd., Sendai, Japan) and densitometrically measured using ImageJ software (version 1.44). Data are expressed as the ratio of phosphorylated to total molecular bands.
siRNA transfection for PDGFRs. Three sets of Stealth siRNA oligonucleotide duplexes targeting PDGFRα and PDGFRβ were designed using the online BLOCK-iT RNAi Designer software (Invitrogen, Carlsbad, CA, USA). Sequences of the siRNA oligonucleotide duplexes are listed in Table II . UE7T-13 cells were seeded in 24-well culture plates without antibiotic selection at a density of 2.0x10 4 cells/well, 24 h before siRNA transfection. Subsequently, transcriptional knockdown was performed by transfection of the cells with siRNA oligonucleotide duplexes at a final concentration of 20 nM in DMEM using Lipofectamine RNAiMAX (Invitrogen) for 24 h according to the manu facturer's instructions. The effects of RNAi knockdown of target genes were assayed by qRT-PCR. Stealth siRNA Negative Control medium GC Duplex (Invitrogen) was also included as a control for sequence independent RNAi knockdown. Cell proliferation assay. Cell proliferation was analyzed using a colorimetric assay for the quantification of the cleavage of the tetrazolium salt WST-1 (Roche Applied Science, Basel, Switzerland) by mitochondrial dehydrogenases in viable cells. The dye formed can be quantified using a spectrophotometer and directly correlates with the number of metabolically active cells in the culture. The cells were grown in 96-well plates (Nunclon ® ; Sigma-Aldrich) for 1, 3 and 5 days treated with or without 10 ng/ml of recombinant human PDGF-BB (Acris Antibodies, San Diego, CA, USA). After each incubation period, the cells were incubated for a further 1 h at 37˚C with 100 µl medium containing 10 µl WST-1 reagent. The samples were shaken for 1 min, and absorbance was measured at 450 nm using a MPR-A4i microplate reader (Tosoh Corp., Tokyo, Japan).
Statistical analysis. All experiments were repeated at least 3 times. Representative images or data are shown. Data are presented as the means ± standard deviation (SD). Differences between averages and percentages between the control and test samples were statistically analyzed using paired two-tailed PDGFRα, platelet-derived growth factor receptor α; PDGFRβ, platelet-derived growth factor receptor β.
Student's t-tests. Values of p<0.05 were considered to indicate statistically significant differences.
Results

Effect of receptor tyrosine kinase (RTK) inhibitors on high cell density-induced VCAM-1 expression.
In a recent study, we demonstrated that high cell density induces VCAM-1 expression through the NF-κB pathway in UE7T-13 cells (34) and that the expression of VCAM-1 in high cell density culture was significantly inhibited by treatment with IKK-2 inhibitor VI. In the present study, we investigated the effects of RTK inhibitors on VCAM-1 expression. As illustrated in Fig. 1 , the high cell density-induced VCAM-1 expression decreased in a dosedependent manner upon the addition of PDGFR inhibitors (SU11652 and PDGFR tyrosine kinase inhibitor IV) to the cell culture. However, the addition of the following RTK inhibitors did not decrease VCAM-1 expression: vascular endothelial growth factor receptor (VEGFR) inhibitors (SU1498 and VEGFR kinase inhibitor I), an insulin-like growth factor-1 receptor (IGF-1R) inhibitor (AG1024), an epidermal growth factor receptor (EGFR) inhibitor (AG1478), fibroblast growth factor receptor (FGFR) inhibitors (SU4984 and SU5402), and a colony stimulating factor-1 receptor (CSF1R) tyrosine kinase inhibitor (Fig. 1A) . Similarly, the addition of a receptor type serine/threonine kinase inhibitor, such as a transforming growth factor-β receptor (TGFβR) inhibitor (SB431542) did not decrease VCAM-1 expression (Fig. 1A) .
Role of PDGFRβ on high cell density-induced VCAM-1 expression.
In order to determine the role of PDGFRs in the high cell density-induced intracellular signal transduction culminating into VCAM-1 expression in UE7T-13 cells, we investigated the effects of knocking down PDGFRα and PDGFRβ expression on VCAM-1 expression. As shown in Fig. 2 , VCAM-1 mRNA expression in high cell density culture was reduced effectively by transfection with siRNA targeting PDGFRβ, but not siRNA targeting PDGFRα. In order to investigate whether PDGFRβ mediates the intracellular signal for VCAM-1 expression in a ligand-dependent manner, PDGF-BB was added to the UE7T-13 cell culture at high and low cell densities. As shown in Fig. 3A , PDGF-BB did not affect the level of VCAM-1 mRNA expression in the MSCs at low or high cell densities. By contrast, exogenously added recombinant human PDGF-BB markedly accelerated the proliferation of UE7T-13 cells, suggesting that functional PDGFR is present at the cell surface in UE7T-13 cells (Fig. 3B) .
Role of N-cadherin in high cell density-induced VCAM-1 expression.
A previous study revealed that a mechanostressinduced intracellular signal is mediated by an RTK in ECs, even if the receptor was not stimulated with any ligand: vascular endothelial (VE)-cadherin forms a mechanosensory complex with VEGFR2 in ECs in a ligand-independent manner (37) . Therefore, in this study, we investigated the role of N-cadherin as a major structural molecule in AJs in MSCs on high cell density-induced VCAM-1 expression. UE7T-13 cells were transfected with vectors expressing either full-length N-cadherin or a truncated version lacking the intracellular domain. The expression of N-cadherin, which localizes on the cell surface, was confirmed by flow cytometry (Fig. 4A) , and then the cells were seeded at a high density. Under conditions of high density, the overexpression of full-length N-cadherin markedly increased the level of VCAM-1 mRNA expression. By contrast, the overexpression of the truncated N-cadherin markedly reduced the high cell density-induced VCAM-1 expression (Fig. 4B) . These results indicate that, in MSCs, the high cell density induction of VCAM-1 expression is mediated by N-cadherin.
Signaling pathway for high cell density-induced VCAM-1 expression. In ECs, even if VEGFR2 is not stimulated with VEGF, the VE-cadherin-VEGFR2 complex responds to a subset of endothelial shear stresses, resulting in the activation of NF-κB-mediated Src signaling that upregulates VCAM-1 expression (37) . Therefore, in this study, we investigated the phosphorylation status of Src by western blot analysis. As shown in Fig. 5 , the phosphorylation levels of Src in UE7T-13 cells were markedly upregulated by the overexpression of full-length N-cadherin (pCDH2-full). On the other hand, the overexpression of the truncated mutant (pCDH2-∆) had no effect compared with the control vector-transfected cells (pCTRL). This result strongly suggests that the phosphorylation of Src through the intracellular domain of N-cadherin plays an important role in the regulation of VCAM-1 expression by cell-cell adhesion.
Discussion
VCAM-1 is an important marker for enriching migratory, multipotent and proliferative cells from culture-expanded MSCs (11) . In addition, it has been shown that VCAM-1 is upregulated in bone marrow-derived MSCs cultured to overconfluency (38) . However, a comprehensive analysis of the types of adhesion molecules that play important roles in cell-cell contact between MSCs has not been performed. In a recent study, we demonstrated that VCAM-1 expression was markedly upregulated in human bone marrow-derived MSCs at high cell density through the activation of the NF-κB pathway (34) .
Notably, a previous study revealed that a mechanostressinduced intracellular signal is mediated by an RTK in ECs in a ligand-independent manner: VE-cadherin forms a mechanosensory complex with VEGFR2 in ECs that responds to a subset of endothelial shear stresses, resulting in the activation of NF-κB-mediated Src signaling, upregulating Figure 2 . High cell density-induced VCAM-1, vascular cell adhesion molecule-1 (VCAM-1) expression was reduced by siRNA-mediated plateletderived growth factor receptor (PDGFR) knockdown. UE7T-13 cells were transfected with non-targeting control (siCTRL), PDGFRα-specific siRNA (siPDGFRα) and PDGFRβ-specific siRNA (siPDGFRβ). Following siRNA transfection, the cells were replated on plastic culture plates and maintained at a high-cell density condition for 24 h. Relative mRNA expression levels of (A) VCAM-1, (B) PDGFRα and (C) PDGFRβ were analyzed by qRT-PCR. Data represent the means of 3 individual experiments (n) ± SD. * p<0.05, statistically significant vs. untransfected control (Ctrl). VCAM-1 expression, even when VEGFR2 is not stimulated with VEGF (37) . Therefore, we hypothesized that an RTK may similarly mediate the cell-cell contact-induced signal responsible for upregulating VCAM-1 expression in MSCs. When we evaluated the effects of various RTK inhibitors on high cell density-induced VCAM-1 expression, we found that VCAM-1 expression was decreased by PDGFR inhibitors (SU11652 and PDGFR tyrosine kinase inhibitor IV) in a dosedependent manner (Fig. 1) . However, other RTK inhibitors, e.g., inhibitors of VEGFR, IGF1R, EGFR and FGFR, as well as a receptor type serine/threonine kinase TGFβR inhibitor, did not decrease VCAM-1 expression (Fig. 1A) . In general, PDGFR is activated by PDGF as its ligand. PDGF has four isoforms (A-D) that form homo-or heterodimers, such as PDGF-AA, PDGF-AB and PDGF-BB (39) . Of these, PDGF-BB exhibits the strongest activity (39) and has been approved by the FDA for the treatment of patients with bone defects in the oral and maxillofacial regions (40) (41) (42) (43) . PDGF-BB is mainly produced by platelets and has been implicated in tissue repair (fracture repair) (39) . PDGFR has two isoforms (α and β) that also form homo-or heterodimers, such as PDGFRα/α, α/β and β/β (39) . PDGFRα is reportedly expressed in MSCs and osteoblast progenitor cells, and PDGFRα-positive cells exhibit a high osteoblastic differentiation capacity (44) . In MSCs, a recent study provided evidence that PDGF-BB promotes PDGFα-positive cell migration into artificial bones without inhibiting osteoblastogenesis (45) . In this study, high cell density-induced VCAM-1 expression was significantly suppressed by the knockdown of PDGFRβ (Fig. 2) . Of note, the PDGF-BBinduced PDGFR activation did not affect the level of VCAM-1 mRNA expression in MSCs at both low and high cell densities (Fig. 3A) , although PDGF-BB clearly upregulated MSC proliferation (Fig. 3B) . These results strongly suggest that the high cell density-induced intracellular signal to upregulate VCAM-1 expression in MSCs was mediated by PDGFRβ in a PDGF-BB-independent manner.
In MSCs, VE-cadherin does not exhibit dominant expression, although N-cadherin does (46) . Therefore, it may be possible that the formation of a mechanosensory interaction occurs between N-cadherin and PDGFRβ in high cell density cultures and that this interaction may then activate the NF-κB-mediated signaling pathway, thus upregulating VCAM-1 expression. In support of this hypothesis, in the present study, the overexpression of full-length N-cadherin in UE7T-13 cells markedly increased high cell density-induced VCAM-1 expression, whereas the overexpression of truncated N-cadherin lacking its intracellular domain suppressed the high cell density-induced VCAM-1 expression (Fig. 4) . As, in ECs, the VE-cadherin-VEGFR2 complex responds to a subset of endothelial shear stresses by activating NF-κB-mediated Src signaling (37) . Therefore, we examined the phosphorylation status of Src by western blot analysis and found that the phosphorylation levels of Src in UE7T-13 cells were enhanced at high cell density (Fig. 5A ). Src phosphorylation levels in the UE7T-13 cells were also upregulated by the overexpression of full-length N-cadherin (Fig. 5B) . By contrast, the overexpression of the truncated mutant did not affect Src phosphorylation. In addition, in a previous study, we demonstrated that high cell density-induced VCAM-1 expression was decreased by the Src inhibitor, PP2 analogue (34) . These results strongly suggest that the phosphorylation of Src through the intracellular domain of N-cadherin plays an important role in the upregulation of VCAM-1 by cell-cell adhesion.
In conclusion, the data presented in our study demonstrate that cell-cell adhesion induced by high cell density through N-cadherin enhances the expression of VCAM-1 via PDGFRβ in a ligand-independent manner in human bone marrowderived MSCs. These findings may eventually lead to the development of new, MSC-based clinical therapies in regenerative medicine.
